Intact chicken sensory neurites have the same microtubule polarity reported for nongrowing axons in intact organisms. The assembly-favored or + ends of the microtubules are found at the distal terminal (growth cone) of the neuron. After amputation of chicken sensory neurites, the fragment removed from the cell body collapsed to a bead of axoplasm from which neurites rapidly regrew. In nine such regrown neurites analyzed for microtubule polarity, the + ends of microtubules faced the newly formed growth cones, i.e., -ends of microtubules were now at the original distal terminal of the neuron. These results indicate that microtubules reorganized concomitant with neurite regrowth to form a uniformly polar microtubule array but with reversed polarity. This suggests that mechanisms within the neurite, independent of the cell body, are sufficient for organization of microtubule assembly during axonal elongation. Our data also indicate that microtubule + ends were correlated with growth cone formation in the following three experimental classes of neurites: normal, regrown, and amputated but extended. We speculate that + ends of microtubules are a requirement for growth cone formation and advance.
Microtubules are intrinsically polar structures. The two ends of the microtubule differ in their rates of elongation and in the concentration of subunits needed for assembly (1) (2) (3) (4) (5) (6) . The role of microtubule polarity in regulating cellular processes that are dependent upon microtubule assembly, such as axonal growth (7, 8) , is largely unexplored. Axons contain dense paraxial arrays of microtubules that are uniform in their polar orientation; the "fast growing" or + ends of microtubules are found in the axon terminal (9) (10) (11) (12) . Axonal microtubule polarity is not due to any observable microtubule-organizing center (13) (14) (15) , unlike microtubule arrays in most interphase cells (16) (17) (18) . Interest focuses on two alternative sites for microtubule assembly and organization during axonal elongation, the growth cone and the cell body. Studies of slow axonal transport suggest that microtubules are assembled and organized in the cell body and then transported down the axon as intact polymers (19, 20) . Others have reported (21) persuasive evidence that the growth cone is the major site of microtubule assembly supporting axonal growth.
Amputated neurites of cultured chicken sensory neurons are a useful system in which to investigate the principal site of microtubule organization in neurons. The fragment separated from the cell body (distal fragment) can collapse to a bead of axoplasm and rapidly regrow neurites by a mechanism that involves microtubule disassembly and reassembly (22, 23) . Here we have determined whether neurites regrown from the collapsed distal segment contain a uniformly polar microtubule array despite the absence of the cell body. There is a difference in growth cone formation at the two cut ends of amputated neurites that remain extended (24) . The cut end nearest the cell body routinely formed a growth cone, whereas no growth cone formed at the distal cut end. Do differences in the ability to form growth cones correlate with differences in microtubule polarity?
MATERIALS AND METHODS Cell Culture and Amputation. Embryonic chicken sensory neurons were cultured by two methods. For determining the microtubule polarity in intact neurites, the number of neurites sectioned at one time was increased by growing neurite bundles from dorsal root ganglia dissected from the lumbosacral regions of 12-day embryos. The ganglia were cut into two or three pieces with forceps and cultured on polylysinetreated tissue culture dishes in L-15+ medium [L-15 (purchased from GIBCO) supplemented with 0.6% glucose, 2 mM L-glutamine, penicillin at 100 units/ml, and streptomycin at 100 mg/ml] containing 10% (vol/vol) fetal calf serum, 7S NGF at 20 ng/ml, and laminin at 5 ,g/ml (Polysciences, Warrington, PA) (25) . The combined use of polylysine and laminin limited fibroblast migration from the ganglia while stimulating neurite outgrowth. The ganglion pieces were allowed to grow neurites for 48 hr prior to experimentation. For amputation experiments, dissociated cells were cultured as described (22) on untreated or polylysine-treated tissue culture plastic dishes. Dissociated cells were allowed to grow neurites for 12-30 hr prior to experimentation. Amputations were performed on a microscope stage prewarmed to 37°C with a Sage air-curtain incubator as described (22) . Unbranched neurites with modest growth cones were selected and amputated 100 am from the growth cone in an effort to promote complete collapse to beads of axoplasm.
Microtubule Polarity Determination. The polar orientation of microtubules in normal neurites grown from ganglia was determined by the "hook method" (9) (10) (11) (12) 26) . Modifications of the hook-forming conditions were required to permit the polarity determination of microtubules in the delicate, poorly adherent, amputated, and regrown neurites. After amputations, cultures were rinsed briefly in PBS (GIBCO), then exposed to a microtubule assembly mixture containing beef brain microtubule protein at 1 procedure permitted -75% of the amputated or regrown neurites to remain attached to the substratum. After fixation, cultures were treated for 5 min with 0.15% tannic acid, rinsed twice in 0.1 M cacodylate with 5% (vol/vol) sucrose, postfixed in 1% OS04 for 5 min, dehydrated in an ethanol series, and embedded in Poly/Bed 812 (Polysciences). Samples were then relocated by phase microscopy and circled with a diamond marker objective. Methods for ensuring uniform orientation of the specimen, thin sections, negatives, etc., and the procedure for scoring the handedness of hooks have been described (26) .
RESULTS

Polar Orientation of Microtubules in Neurites of Cultured
Neurons. This laboratory (11, 12) and others (9, 10) have reported that in nerve fibers axonal microtubules are oriented with their fast growing or + ends pointing away from the cell body. To determine whether neurites of cultured neurons share this uniform polarity orientation, we determined the polarity of microtubules in bundles of neurites grown from pieces of an embryonic chicken dorsal root ganglion. Hooks with a clockwise orientation indicate that the + end of the microtubule is pointing toward the observer, whereas hooks with a counterclockwise orientation indicate that the -end of the microtubule is pointing toward the observer (26) . The results of three separate experiments are recorded in Table 1 . Of those microtubules whose polarity could be unambiguously determined, 97% had clockwise hooks as seen from the growth cones looking toward the ganglion piece ( Fig. 1) . That is, as with microtubules in axons from intact animals, neurite microtubules were found to have their + ends in the distal terminal of the neuronal process.
Neurite Regrowth and Microtubule Polar Orientation in Amputated, Uncollapsed Neurite Segments. Following amputation, neurite segments either remain extended or collapsed depending on how firmly they adhered to the substratum. On the highly adhesive polylysine-treated tissue culture plastic dish, in over 15 cases, we observed little or no collapse of either neurite segment within the first 15-20 min after amputation. Whereas growth cones routinely formed at the cut ends of the segments proximal to the cell body, growth cones never formed at the cut ends of the distal segments severed from the cell body. This finding is similar to that of Bray et al. (24) on neurites amputated under the highly adhesive condition of serum-free medium.
All further amputation experiments were performed on the moderately adhesive surface of untreated tissue culture plastic dishes. On this substratum -9 out of 10 distal segments collapsed, whereas roughly 1 out of 10 amputated neurites remained extended. This allowed us to examine regrowth and microtubule polarity in both collapsed and extended neurite segments under the same substrate conditions, which are known to affect growth cone formation (24, 27, 28) . We observed seven amputated neurites whose proximal and distal segments remained extended after amputation. For these uncollapsed, amputated segments, the (Fig. 2) .
On both growth surfaces some cut ends of proximal and distal segments retracted a few micrometers and formed rounded varicosities of cytoplasm (retraction bulbs) on their cut ends. These retraction bulbs formed growth cones on cut ends of proximal segments, whereas retraction bulbs on cut ends of distal segments never formed a growth cone. In a few cases a distal retraction bulb formed one or two wispy filopodia. We have reported (22) that retraction bulbs are sites of microtubule disassembly, and microtubule disassembly is known to stimulate formation of filopodia (24, 29) .
We examined the polar orientation of microtubules in both the proximal and distal segments of uncollapsed neurites 15 min after amputation using very gentle conditions. The extent of hook formation varied from "60% to as little as 10%, averaging "30%. Although the degree of hook formation was somewhat low, we have found (12) with respect to microtubule polarity. Most importantly, the technique accurately identifies uniform (9-10) or nonuniform microtubule polar orientation (12) when 30%-40% of the microtubules have hooks. In the experiments here, we used the original growth cone of the neurite prior to amputation as the reference point for both proximal and distal segments. In the proximal and distal segments of all four samples we analyzed, over 90% of the microtubules whose polarity could be unambiguously determined had clockwise hooks (Table 2 , Fig. 3 ). That is, in both segments + ends were pointed away from the cell body toward the original growth cone. Plus ends of microtubules faced the cut end of the regrowing proximal segments, whereas -ends of microtubules faced the cut end of the nonregrowing distal segments.
Polar Orientation of Microtubules in Neurites Regrown from Collapsed Distal Segments. As reported (22, 23, 28) , distal segments of neurites that underwent significant collapse to beads of axoplasm after amputation routinely regrew neurites (Figs. 4 and 5) . We found a close correlation between the degree of collapse and the ability to regrow. Distal segments that retracted <60% of their initial amputated length did not regrow. Distal segments that did collapse and regrow formed at least two advancing growth cones in all cases. In 62 collapse/regrowth events we monitored, 18 beads began to regrow before completely retracting all remnants of the original neurite. In all these cases, the remaining short stub of neurite always gave rise to a regrowing neurite (Fig. 4) . In the 44 cases of regrowth from a bead with no visible processes, only 7 regrew a neurite colinear with the original. In 23 of the 44 cases the bead regrew tripolar or tetrapolar neurites (Fig. 5) . In 14 other cases, the bead regrew bipolar neurites but at a significant angle to the original neurite. Except in the cases in which stubs of the original neurite remained, we could find no correlation between the pattern of regrowth and any aspect of the original neuron, neurite, or growth cone.
Microtubule polar orientation in neurites regrown from beads of axoplasm was determined by the same method used for uncollapsed, amputated neurites ( Fig. 6 and Table 3 ). Although some regrown neurites lacked a surrounding membrane as shown in Fig. 6 , we are confident that such microtubules are neurite microtubules. The microtubules found in such regions were always arrayed as a bundle, and the limits of the microtubule bundle were obvious, i.e., completely empty epon surrounded the microtubule bundle. We used the bead of axoplasm as the point of reference for microtubule polarity because, as shown in Figs. 4 and 5, the bead occupied the position of the original growth cone of the unamputated neurite. Table 3 shows that 85%-100% of the microtubules with hooks were counterclockwise (as seen from the bead), regardless of the direction or pattern of (19, 33) . These experiments suggest that local, i.e., in the neurite, mechanisms are sufficient for the task of organizing microtubule assembly during neurite growth.
In our experiments + ends of microtubules were closely correlated with the formation of growth cones. Distal fragments of amputated neurites regrew neurites only if they initially collapsed to a significant degree. Since microtubule disassembly accompanies neurite collapse (22) , this finding suggests that microtubule reorganization is a requirement for growth cone formation in the distal segment. As described above, + microtubule ends faced the newly formed growth cones after reorganization. In the case ofdistal fragments that did not collapse, the polarity data indicate that -microtubule ends faced the newly cut surface. These cut ends were never observed to form growth cones in this and previous (24) studies. This contrasts sharply with the routine formation of growth cones at the newly cut end that had + microtubule ends facing the cut, i.e., the cut end of the proximal fragment. Based on the polar orientation of microtubules in peripheral and central nerve fibers from intact animals (9) (10) (11) (12) (28) .For the typical growth cone structure to form and neurite Cell Biology: Baas et al.
elongation to begin, a region of the motile margin must "recruit" + ends of microtubules. It has been proposed (34) that microtubule elongation at the growth cone may be regulated by the actin-based advance of the growth cone releasing compressive force on the microtubules, thus lowering the critical concentration of tubulin needed for assembly. The presence of + ends of microtubules at the growth cone are an important element in this scheme in that they would have a competitive assembly advantage over -ends at any given tubulin concentration and degree of compression.
